affect the integrity of clinical specimens and the measures to overcome them. The warm and cold ischemia times, the sample size, the transport circumstances, the volume and type of the fixative, the length of fixation, and the processing or storage conditions represent pre-analytic variables that can affect the quality of RNA extracted from tissues. 2, 3 RT-PCR/qRT-PCR testing for chimeric messenger RNA (mRNA) transcripts can be conducted on fresh, frozen, formalin-fixed, paraffin-embedded (FFPE), or alcoholfixed specimens. Clinical processing and reporting of the different specimen types warrant an understanding of the unique properties that each may present and correspondingly suitable validation. 4, 5 The assessment of RNA integrity is commonly performed with a denaturing agarose gel stained with ethidium bromide; this produces 2 bands comprising 28S and 18S ribosomal RNA (rRNA). RNA is considered of high quality when the 28S rRNA band is twice as intense as the 18S rRNA band (degraded RNA appears as a lowmolecular-weight smear). Drawbacks to this approach include its subjectivity and the amount of RNA required for visualization (at least 200 ng, which is potentially problematic with specimens of limited RNA yield), among others. 6 Alternatively, RNA integrity can be determined with a smaller aliquot (1-4 lL) with a computed score based on the characteristics of recorded electropherograms generated by an automated microcapillary electrophoretic analyzer. This standardized RNA quality score is called the RNA integrity number (RIN). 6 Both the RNA integrity and the RNA yield with minimal sample consumption can be evaluated on a single bioanalyzer platform. Highintegrity RNA is particularly critical for some molecular applications such as complementary DNA (cDNA) labeling for microarray analysis and transcriptome analysis using next-generation sequencing. In contrast, RT-PCR or qRT-PCR analysis for fusion gene detection is more tolerant of partially degraded RNA because the design can be based on an analysis of smaller regions of RNA. Fresh, unfixed cells may be processed for immediate RNA extraction with excellent results. Cytology samples offer the advantage of a short acquisition time for molecular processing in comparison with surgical biopsy or resection specimens, for which the interval between removal and the initiation of processing is typically longer. 7, 8 The amount of time that tissue is at ambient room temperature after it is resected from the human body but before it is stabilized (eg, frozen or fixed) has been called the ex vivo warm ischemia or cold ischemia time. The influence of the length of this time interval on RNA stability has revealed contradictory data. 9 Some studies have shown no decrease in RNA integrity (RIN) for unfixed tissues stored at room temperature for up to 24 hours, 10, 11 whereas other studies have reported progressive deterioration in RNA integrity with increasing cold ischemia time. 9, 12 Prompt cooling of nonfixed tissue specimens on wet ice after devitalization slows the cellular metabolism and is recommended to minimize RNA degradation. 13 Directly freezing a portion of an FNA/fine-needle biopsy sample represents an option for preserving the sample for ancillary RNA-based testing. The protocol may be individualized to the type of specimen and to the preferences of an institution but ideally will be capable of maintaining optimal cellular morphology and RNA integrity. 16 In an assessment of 25 cryopreserved FNA specimens for use in RNA-based molecular testing, Ladd et al 17 simulated
the collection of clinical FNA biopsies by performing aspirations on resected tissues that were received in surgical pathology and then proceeded with cryopreservation. The authors observed that a prolonged devitalization time (>19 hours from surgical resection to FNA collection) correlated with inferior RIN scores, and they consequently recommended that the devitalization time should be kept to 6 hours and that the postaspiration processing time should be kept to 1 hour to maximize RNA integrity.
17
The impact on the quality of RNA recovered from specimens subjected to long-term -808C storage appears to be minimal to negligible; however, RNA degradation has been demonstrated to occur with increasing freeze-thaw cycles. 18 Aliquots frozen in RNAlater or similar RNA stabilizing solutions are a consideration for specimens that will be stored in -808C freezers. 8, 12, 17, 19 A lack of direct microscopic examination of the tissue specimen from which the RNA is isolated is a potential drawback with the Review Article immediate processing of fresh or frozen tissue because contamination and/or an analysis of inappropriate tissue can ensue. Touch imprint cytology may represent a solution for the quality control of neoplastic cellularity assessment for specimens designed to be stored but anticipated to be used in future molecular applications.
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A cell block prepared from residual tissue fluid or FNA can be a useful source of material for conducting adjunctive molecular testing to more precisely classify a tumor or direct therapeutic decisions. A broad range of histologic fixatives can be used for the preparation of cell blocks; they include 10% neutral buffered formalin, Bouin solution, picric acid fixative, Carnoy fixative, and ethanol, among others. [21] [22] [23] The biochemical differences between tissues fixed with crosslinking fixatives (formalin, paraformaldehyde, and glutaraldehyde) and those fixed in protein-denaturing fixatives (Carnoy fixative, methacarn solution, acetone, alcohols, and acetic acid) plus the length of fixation (both overfixation and underfixation in neutral buffered formalin result in shorter nucleic acid fragments upon isolation; overfixation is less problematic for alcoholbased fixatives because the effects on RNA preservation appear to be time-independent), the age of the paraffin blocks, and the method used to isolate the RNA are the main determinants of RNA quality and recovery. 2, 21, 24, 25 Most specimens subjected to decalcification solutions are unsatisfactory for RT-PCR/qRT-PCR analysis because of significant RNA degradation related to the acids used for decalcification (picric, acetic, formic, nitric, and hydrochloric acids) or even the chelating agents (eg, ethylenediaminetetraacetic acid) on account of the prolonged exposure required for sufficient decalcification. Neutral buffered formalin, the fixative most commonly used for tissue preservation, induces the methylene bridging of bases and the formation of crosslinks between nucleic acids and available protein. 2, 26 To extract RNA from FFPE cell block tissue, relatively harsh conditions (eg, the inclusion of proteinase K digestion followed by heating steps) are employed in an effort to break the methylene bridges that form these crosslinks. 2 Even with optimized digestion and heating steps, however, it is not possible to completely remove all chemical modifications such as residual methyl groups from FFPE-extracted RNA.
2,7
Noncrosslinking alcoholic reagents yield superior results as RNA fixatives in comparison with aldehydes because they cause little chemical change. 7 RNA quality with both standard and microwave fixation and processing methods has been demonstrated for laboratory-prepared and commercial alcohol-based fixatives such as methacarn, ethanol (including a range of concentrations that can vary among different cytologic specimen preparations and within distinct fixative compositions; eg, <24% for SurePath preservative fluid, 60% for Carnoy fixative, 70%, and 95%), FineFix, Carnoy, and PAXgene fixatives, among others. 2, 25, [27] [28] [29] [30] Acceptable preservation of tissue morphology has also been emphasized for some of these fixatives. For example, Carnoy fixative has been shown to be efficient in preserving the integrity of RNA (including in fixed paraffin-embedded tissue blocks stored for long periods of time). 7, 21 Reproducible amplification of RNA from fixed tissue is largely dependent on the length of the amplicon. For effective identification of fusion transcripts from FFPE tissue, the selection of the smallest possible target size (eg, 75-200 bp) still distinguishable from primer dimers is ideal. 31 (Primer dimers are due to some complementarity of the 3 0 ends of a given primer to itself or to the other polymerase chain reaction [PCR] primer; this results in a short, very efficiently amplified product of roughly the length of 2 primers [eg, 40-50 bp] ). Reproducible RNA recovery and stability may be further affected by the type of paraffin used and the tissue processing from fixative to paraffin. Substantial fragmentation of RNA molecules occurs with fixation (crosslinking aldehyde and noncrosslinking alcohol-based fixation; mixed experience has been reported with the latter) followed by paraffin embedding. [32] [33] [34] [35] [36] [37] RNA extracted from FFPE is typically less than 300 bp in length. Pretreatment with RNAlater before fixation may boost the RNA yield; however, fragmentation remains problematic. 38 Low-melting temperature paraffins are recommended for the impregnation of tissue, and reagent quality in the dehydration and clearing processing steps should be monitored. 39 In general, once tissue is embedded in paraffin in a block, it appears to be stable for extended periods, with a relatively minimal reduction in the quantity of nucleic acids recovered from older tissues reported (5%-50% for each decade of age). [40] [41] [42] For clinical purposes, the use of fresh sections cut from a block rather than the use of stored tissue sections is advocated for nucleic acid extraction because the latter can degrade, even after a short period of time. Importantly, usable RNA can be extracted from most FFPE blocks for the purpose of fusion gene detection. 31 The effects of fixatives on RNA integrity have also been examined in liquid-based cytology preparations. 29 Feasibility studies have demonstrated the utility of fresh and archival cytology specimens (including slides prepared from liquid-based cytology platforms) as useful templates for RT-PCR/qRT-PCR analysis. [28] [29] [30] [48] [49] [50] [51] [52] [53] [54] [55] [56] The assessment of mRNA recovery from both unstained and Papanicolaou-stained slides prepared from cervical scrapes 1) fixed with 70% ethanol, 2) fixed with a routine Papanicolaou smear fixative (hydroxybenzophenone vinyl resins in 54% isopropanol), or 3) air-dried without fixation demonstrated an intense hypoxanthine phosphoribosyltransferase band (510 bp) on gel electrophoresis after RT-PCR analysis with no significant difference observed between fixation processes or between stained and unstained slides. 49 Moreover, the same product could be detected with similar intensity by RT-PCR performed on squamous cells microdissected from archival Papanicolaou samples (1-week-, 1-month-, 1-year-, and 10-year-old slides). Similarly, mRNA recovered from Wright-stained or unstained smears is amenable to RT-PCR detection of a constitutively expressed ACTB product between 261 and 540 bp and t(1;19)(q23;p13.3)-associated TFPT/PBX1 fusion transcripts (260 bp); the latter has a suggested sensitivity of detection of 2 to 20 cells with a t(1;19) in a mixed cell population. 52 The presence of RET/PTC fusion transcripts has also been reliably detected by RT-PCR analysis in FNA thyroid smears stained with May-Gr€ unwaldGiemsa or Papanicolaou stain, 54 and the EML4/ALK fusion has been detected by qRT-PCR with RNA isolated from either Diff-Quik-or Papanicolaou-stained smears obtained from lung adenocarcinomas. 55 The authors of the latter study reported that their technical approach was capable of detecting the presence of the EML4/ALK fusion with a 1% molecular alteration rate from as few as 50 cells (although this assay could not detect the specific site of the fusion).
Analytics: Testing Modality
Traditional RT-PCR assays can be specified to provide binary information (present or absent). 57 The principle steps in an RT-PCR reaction include 1) RNA isolation, 2) reverse transcription (RT), 3) PCR amplification, and 4) PCR product analysis. Briefly, RT requires the use of an RNA-dependent DNA polymerase, reverse transcriptase, to synthesize a cDNA strand to the RNA template. Unlike RNA, cDNA is not vulnerable to ribonuclease (RNase) degradation and thus is more stable than the corresponding RNA. The cDNA is subsequently subjected to PCR amplification with primers that bracket the target fusion transcript breakpoint or breakpoints of interest and thermostable DNA polymerase (eg, Taq polymerase). The PCR products can be analyzed by one of the following approaches: 1) electrophoresis with an evaluation of the amplicon size (Fig. 1A) , 2) cloning with DNA sequence analysis, 3) restriction digestion followed by electrophoresis and evaluation of the fragment size, or 4) electrophoresis followed by Southern transfer and hybridization with a probe for specific product detection. Combining real-time or quantitative PCR (data are collected as the exponential growth [log] phase of the PCR progresses) with the process of RT permits the detection and quantification of sequence-specific PCR products. One of the most sensitive techniques for the detection and quantitation of mRNA, qRT-PCR is commonly used for quantitative gene expression measurements, although this method has also been used for the assessment of solid tumor-and leukemia-associated fusion gene transcripts (including the monitoring of minimal residual disease). 56, [58] [59] [60] [61] [62] RT-PCR/qRT-PCR can be performed as a 1-or 2-step reaction. In the 1-step procedure, the RT reaction and PCR amplification steps are performed in a single reaction tube containing both the reverse transcriptase and the Taq DNA polymerase. In contrast, the RT reaction and PCR amplification occur in separate tubes for 2-step RT-PCR, whereby only a portion of the cDNA product is subjected to PCR cycling. Therefore, although 1-step RT-PCR/qRT-PCR offers certain advantages such as reduced expense and less sample handling with a potential reduction in pipetting errors and contamination risk, the resulting cDNA cannot be repeatedly used for analyzing other genes of interest as in 2-step RT-PCR/qRT-PCR. 63 Fewer than 10 copies of the target mRNA can potentially be detected with a 2-step reaction. 64 Nested RT-PCR, a technical variation whereby 2 sets of primers are used in 2 successive PCRs for increased specificity of DNA amplification has also been used to detect gene fusions, but this approach has an inherently higher risk of PCR crosscontamination. 31 Successful RT is dependent on the integrity and purity of the mRNA used as the template. RNA degradation, resulting in shorter fragments of RNA with potential compromising of RT-PCR/qRT-PCR analysis, can occur rapidly in the presence of RNases, which are enzymes endogenous in tissues and ubiquitous in the environment. Thus, when one is isolating and working with RNA, RNase contamination must be controlled through certain practices such as wearing clean gloves at all time, dedicating equipment and reagents solely to RNA preparation, and extracting RNA as soon as possible after receipt of the specimen. 65 Genomic DNA (gDNA) contamination may also be a concern. To eliminate gDNA contamination, a deoxyribonuclease step can be included within or at the end of the RNA isolation method. Moreover, designing RT-PCR primers to span exon/exon junctions will reduce the possibility of false-positives from contaminating gDNA detection or amplification. RNA should be stored at -808C in Figure 1 . Ethidium bromide agarose gel electrophoresis of a 1-step RT-PCR study. The M lanes represent the 100-bp molecular weight marker ladder. (A) Lane 2 demonstrates a type 1 EWSR1/FLI1 fusion transcript identified from a formalin-fixed, paraffinembedded cell block patient sample (258 bp; EWSR1 exon 7 is fused in frame to FLI1 exon 6). Lane 3 is a Ewing sarcoma-positive control known to express a type 2 EWSR1/FLI1 fusion transcript (324 bp; EWSR1 exon 7 is fused in frame to FLI1 exon 5). Lane 4 is the no-template control. (B) To ensure that the quality of the RNA used in RT-PCR reactions would be sufficient for the detection of chimeric transcripts, an independent amplification was performed with primers to a uniformly expressed gene, HPRT. The chosen primer set was for the detection of an HPRT product larger in size than the fusion transcript being investigated. Lane 2 is a patient sample demonstrating RNA of sufficient quality at 425 bp. lane 3 is a Ewing sarcoma-positive control, and lane 4 is the no-template control. EWSR1 indicates Ewing sarcoma breakpoint region 1; FLI1, friend leukemia integration 1 transcription factor; HPRT, hypoxanthine phosphoribosyltransferase; RT-PCR, reverse transcription-polymerase chain reaction.
RNase-free (diethyl pyrocarbonate-treated) water or ethanol with avoidance of excessive freezing/thawing of samples. 66 The inclusion of quality controls for the assessment of RNA integrity and the absence of DNA polymerase inhibitors is imperative (ie, amplification of a sufficiently expressed housekeeping gene such as hypoxanthine guanine phosphoribosyltransferase or glyceraldehyde-3-phosphate dehydrogenase; Fig. 1B ). Negative controls are designed to demonstrate the absence of reagent contamination or DNA contamination by the use of no-RNA and no-RT reactions, respectively. A positive control (eg, a cell line with a known fusion gene target of interest) provides evidence of an anticipated result.
The relatively small sample size of some cytologic specimens may present a challenge for some molecular studies. RT-PCR or qRT-PCR analysis, however, can be successfully performed with limited amounts of material such as that procured by FNA biopsy (2 lg of total RNA) or FNA cytology (1-2 lg) because they are remarkably sensitive techniques and robust amplification results can be obtained with total RNA template levels in the range of 10 pg to 1 lg per reaction. 56, 67 There is also clinical utility for the performance of RT-PCR on archival FNA cytology material with the slide-scrape-lysate procedure. [68] [69] [70] Tumor cell enrichment is not typically necessary 71 The minimum amount of RNA that can be amplified with RT-PCR/qRT-PCR is both template-and primer-dependent. The inclusion of a determination of neoplastic cellularity in the confirmation of specimen adequacy can be achieved through a review of cytology slide preparations (eg, Diff-Quik stain, Papanicolaou stain, and hematoxylineosin/cell block). An overestimation of the fraction of malignant cells in tumor tissue by pathologists that could potentially lead to false-negative test results if the true percentage of malignant cells in the specimen was to fall below the particular assay's analytic sensitivity has been demonstrated in a prospective, multi-institutional study. 72 Specifically, by averaging each pathologist's error across 10 images, the study determined that 5.4% of the survey participants overestimated by more than 20% on average. 72 However, the data from this study also indicated that pathologists more accurately estimate the percentage of malignant nuclei in cases containing low amounts of tumor cells, so concern about the overestimation of the neoplastic cellularity percentage may be more impactful for other molecular assays with lower sensitivity such as Sanger sequencing (which may require malignant cells to represent 40% of the total cellular content) rather than highly sensitive RT-PCR or qRT-PCR assays. Analytic variables that may influence the specificity and sensitivity of RT-PCR or qRT-PCR detection of fusion transcripts include the following: priming and enzyme of the RT reaction; temperature and time of the primer annealing; primer extension and denaturation; primer design; primer length; cycle number; and concentrations of magnesium chloride or magnesium sulfate, Taq polymerase, deoxynucleotide triphosphate, and primers. 73 For example, target-specific primers will prime cDNA synthesis only from transcripts complementary to the primer sequences (knowledge of the target sequence is required). The yield of cDNA with target-specific primers may be relatively low in comparison with oligo(dT) nucleotides or random hexanucleotides; however, it will be highly specific for the target of interest. Moreover, the nature of the primer structure will determine the accuracy of binding to its complementary sequence and not to other sequences. 74 On a cautionary note, misprimed PCR products (due to the annealing of the primers to partially complementary sequences on nontarget DNAs) or primer dimers (artifacts generated by the annealing of a given primer to itself or to the other PCR primer due to some complementarity of the 3 0 ends) may interfere with the proper interpretation of results or subsequent procedures such as sequencing.
CONCLUSIONS
Significant advances in molecular technology with increasing levels of resolution and sensitivity have contributed to the recognition of important tumor morphologic-genetic associations and biologic markers predictive of prognosis and directive for therapy. The morphologic assessment of various types of cancer within a cytologic preparation may present a challenge that can be further complicated when the quantity or quality of the sample falls short of processing requirements for ancillary studies, including an assessment of relevant molecular markers. Hence, familiarity with the pre-analytic and analytic factors that affect the success of RT-PCR/qRT-PCR performance on clinical cytopathologic specimens and with the measures to overcome them is important in arming the pathologist with the powerful diagnostic adjuncts and/or indicators of molecular targeted therapy that the identification of tumorassociated gene fusions can provide.
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